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Purpose: The purpose of this study was to investigate the effects of mechanics properties of lingual lever arm on the 
displacement pattern of maxillary anterior segment.
Methods: A finite element model was constructed based on average dental study model. The lever arm was designed as 
20 mm in length, with or without splinting wire. Wire stiffness was set as .016×.022 stainless steel, .018×.025 stainless 
steel or structure with indefinite rigidity. The mechanical property of PDL was simulated based on recent studies. 
Point of force application was simulated as that of either midpalatal or palatal interradicular miniscrews. Initial tooth 
displacement was compared depending on the presence of the splint wire, stiffness of the main archwire and the 
property of periodontal ligament.
Results: Compared to the non-splint lever arm, splinted lever arm decreased the lingual tipping of incisors and 
buccal displacement of canine, inducing translation of 4 anterior teeth at lever arm length 16.85 mm (palatal slope 
miniscrews) and 19.01 mm (midpalatal miniscrew). When the wire stiffness was increased, buccal displacement of 
canine was decreased. Differences in the mechanical properties of PDL affected not only the pattern of displacement, 
but also the amount of displacement at each condition. 
Conclusion: The results indicate that splinting of lever arms and wire stiffness of main arch provides additional 
resistance to deformation of the main archwire, implicating predictable tooth movement during anterior retraction.
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INTRODUCTION
  Decision of type of tooth movment and proper con-
trol of force/moment ratio are essential in orthodontic 
treatment.1 In lingual orthodontics, one of the most 
challenging issues has been the incisor torque control 
during retraction of anterior teeth in premolar ex-
traction cases.2 Various clinical modalities including 
additional torque and/or compensating curve on the 
main archwire, multiple (tandem) wire technique for 
rigidity,3 and lingual lever arm for proper line of force, 
have been proposed. Additional excessive torque on 
anterior teeth along a continuous wire may result in 
anchor loss in the posterior segment and extrusion of 
anterior teeth.4 Torque control via compensating curve 
is difficult because the intrusive force vector on an-
terior teeth passes close to the center of resistance in 
lingual orthodontics.5,6
  It is known that the lingual lever arm could produce a 
line of force for predictable tooth movement according 
to the relation between force vector and the center of 
resistance of target segments.2,7 Effective combination 
of temporary anchorage device (TAD)8 and the seg-
mented lever arm is expected to produce a sensitive 
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but reliable force system.7,9,10
  In spite of the known effectiveness of the lever arm in 
lingual orthodontics, in the previous 3D FEM studies, 
Lee et al10 and Kim et al11 proposed that even the lever 
arm with 20 mm length may show lateral distortion 
in response to distally directed force, which causes 
lingual tipping of the incisors and labial tipping of ca-
nines. Since the archwires generally exhibit elastic de-
formation, the resultant displacement may be different 
from the theory where the objects are defined as hav-
ing indefinite stiffness.12 In order to better understand 
the action of the lingual lever arm, therefore, a more 
in-depth investigation on the effect of the material 
properties of the lever arm was necessitated.
  The purpose of this study was to investigate the ef-
fects of mechanics properties of lingual lever arm on 
the displacement pattern of maxillary anterior seg-
ment. The differences in initial tooth movement were 
compared according to wire splinting, the stiffness of 
the main archwire and the elastic modulus of peri-
odontal ligament. 
MATERIAL AND METHODS
1. Generation of finite element model
  A three-dimensional finite element model was 
constructed based on a dental model (Nissin dental 
products, Kyoto, Japan) which reflected the average 
Asian denture. The teeth were aligned according to 
the Andrews prescription. Dental arch form was pro-
duced in accordance with Broad arch form (OrmcoR, 
CA, USA). The thickness of periodontal ligament was 
set uniformly as 0.25 mm,13,14 alveolar crest height was 
constructed at a height of 1mm below from the ce-
mentoenamel junction.
  Slot sizes of .018×.025 lingual brackets (7th genera-
tion, OrmcoR, CA, USA) were simulated. Main archwire 
was given the material properties of stainless steel. The 
lingual lever arm with the stiffness of 0.7 mm stainless 
steel was extended between lateral incisor and canine 
with 45 degrees inclination towards the palatal vault. 
The friction and gap between bracket and archwire 
were set as zero for free sliding. All miniscrews was 
positioned between first and second molar antero-
posteriorly. Vertically, palatal slope and midpalatal 
miniscrews were positioned at the furcation and/or 
apex of molars.
  The teeth, alveolar bone, periodontal ligament and 
archwire were assumed to be an isotropic, homo-
geneous and had a linear elastic modulus. Young’s 
modulus and Poisson’s ratio of this study were based 
on previous study (Table 1).12,15,16
  Point landmarks at the respective midpoints of inci-
sal edge, cusp tips and root apices of each tooth were 
used to define the tooth axis.
2. Experimental conditions and finite element analysis
1) Lever arm extension and splinting 
  Lingual lever arm was extended up to 20mm from the 
main archwire between the lateral incisor and canine 
brackets, at right angle and 45 inclinations towards the 
palatal vault, with 0, 10, 15 and 20 mm points of force 
application, respectively. Retraction force was set at 
200 g per side.17 Additionally, reinforcement of lever 
arm structure was simulated by placing a splint across 
the lever arms (Fig. 1).
2) Wire dimension and stiffness
  Main archwire size was set at various dimensions-.016
×.022, .018×.025 stainless steel and rigid body with 
indefinite stiffness, to determine the effect of wire stiff-
ness on displacement pattern of anterior teeth. 
3) Mechanical property of PDL
  To determine the influence of mechanical property of 
periodontal ligament on the displacement pattern of 
anterior teeth, three different sets of Young’s modulus 
Table 1. Machanical properties
Young’s modulus  
(MPa)
Poisson’s 
ratio
Alveolar bone 2.0E+03 0.30
Teeth 2.0E+04 0.30
Stainless steel 2.0E+05 0.30
Periodontal ligament 5.0E-02 0.49
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and Poisson’s ratio based on the recent study of Xia 
were applied.18 
  a. PDL 1 (v=0.35, E=0.87 MPa)
  b. PDL 2 (v=0.4, E=0.71 MPa) 
  c. PDL 3 (v=0.45, E=0.47 MPa)
4) Analysis
  ANSYS Version 11 (ANSYS, Canonburg, PA, USA) was 
used for analysis. Including wire, the total number of 
nodes and elements were 50211 and 253515 in the 
form of tetrahedral. 
  The origin of coordinate system was defined as the 
midpoint of the both incisal edge of central incisor. In 
the coordinate system, x-axis was mediolateral direc-
Fig. 1. Occlusal view of experimental conditions. White circle represent the position of miniscrews as the posterior points of force 
application. (A) Non-splint lever arm on the continuous arch. (B) Splint lever arm on the continuous arch. (C) Non-splint lever arm on 
the segmented arch. (D) Splint lever arm on the segmented arch.
A B
C D
Fig. 2. Schematic view of the coordinate system.
X(+)
Y(+)
Z
(+)
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tion, y-axis was anteroposterior direction and z-axis 
was superoinferior direction. +x present right buccal 
direction, +y present labial direction and +z present 
apical direction (Fig. 2). Using the point landmarks, 
changes in the tooth axes relative to the respective 
spatial coordinate planes was calculated. The axes 
changes were then plotted as the length of the lever 
arm as the main variable.
RESULTS
1. Effects of splinting lever arms
1) AP displacement (Fig. 3)
  In the non-splint model, mild lingual tipping of the 
incisors presented as negative axis change was ob-
served at all lengths of the lever arm, including 20 mm. 
In the splint model, the amount of axis change was 
smallere than that of non-splint model and translation 
of 4 anterior teeth (no axis change) was noted when 
the lever arm length was 16.85 mm (traction with 
palatal slope miniscrews) and 19.01 mm (traction with 
a midpalatal miniscrew), respectively. Root movement 
represented by positive axis change, was noted in 20 
mm lever arm.
2) Lateral displacement (Fig. 4)
  In both non-splint and splint model, lateral displace-
ment of canine and molars were noted. Amount of dis-
placement was increased when longer lever arm ap-
Fig. 3. Axis change of central and lateral incisors. CS: continuous arch and splint lever arm, SS: segmented arch and splint lever 
arm, CN: continuous arch and non-splint lever arm, SN: segmented arch and non-splint lever arm. (X axis unit: mm, Y axis unit: 
degree).
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plied, and when segmented archwire and palatal slope 
miniscrews were simulated, compared to short lever 
arm, continuous archwire and minipalatal miniscrew 
condition, respectively.
  Splint model showed reduced amount of displace-
ment compared to the non-splint model. Overall buc-
cal displacement of canine and molars decreased to 
50-75%. 
3) Vertical displacement (Fig. 5)
  In the non-splint model, 4 anterior crowns showed 
downward displacement (negative value) at all lengths 
of lever arms and amount of displacement was de-
creased when the longer lever arm was applied. In 
contrast, splint model showed less downward dis-
placement than non-splint model. In the splint model 
with 15 mm lever arm, central incisor showed upward 
displacement (positive value), and with 20 mm lever 
arm, all 6 anterior crown showed upward displace-
ment. In the segmented archwire, more downward 
displacement was observed than in the continuous 
archwire. 
2. Effects of archwire stiffness (Fig. 6-8)
  Using the splint model, wire stiffness was varied. 
There was no remarkable difference in antero-posteri-
or displacement of anterior teeth between .016×.022 
and .018×.025 stainless steel archwire. The lengths of 
lever arm needed for translation of anterior teeth was 
smilar, with only difference of 0.3 mm (Fig. 6). How-
ever, lateral displacement of canine and molars were 
decreased to 66-75% in .018×.025.
  When the continuous main archwire was assumed to 
be a rigid body, rotation of the entire arch was observed 
Fig. 4. Lateral displacement of canine, second premolar, first molar and second molar. Negative value means buccal displacement. S: 
splint lever arm, N: non-splint lever arm. (X axis unit: mm, Y axis unit: mm).
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depending on the relationship between the force vector 
and the center of resistance of the segment (Fig. 7, 8). 
Both crown and root of 4 anterior teeth were displaced 
lingually regardless of the length of lever arm. When the 
longer lever arm was applied, displacement pattern of 4 
anterior teeth approximated translation but root move-
ment was not observed (Fig. 6).
  Under the condition of rigid segmented arch, 6 ante-
rior teeth were retracted and rotated according to the 
relationship between center of resistance of the seg-
ment and force vector. Lever arm length for translation 
of anterior teeth was shortened about 1-1.5 mm than 
.016×.022 (Fig. 6), possibly due to the elimination of 
the posterior segment.
  When the displacement was viewed at the center of 
resistance19 of each tooth, the anterior teeth were all 
displaced upward except one condition-segmented 
main arch with 0mm lever arm and miniscrew on the 
palatal slope (Fig. 7). As the lever arm length was ex-
tended, superior displacement of anterior teeth was 
increased regardless of the type of archwire and re-
traction conditions.
3. Effects of mechanical property of periodontal 
ligament 
  Using the same splint model, three pairs of Young’s 
modulus and Posisson’s ratio were applied according 
to the Xia’s18 recent study. The length of lever arm for 
Fig. 5. Vertical displacement of central and lateral incisors. Positive value means superior displacement of incisal edge. CS: 
continuous arch and splint lever arm, SS: segmented arch and splint lever arm, CN: continuous arch and non-splint lever arm, SN: 
segmented arch and non-splint lever arm. (X axis unit: mm, Y axis unit: mm).
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Fig. 6. Axis change of maxillary anterior teeth according to the change of wire stiffness (X axis unit: mm, Y axis unit: degree).
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translation of 4 anterior teeth was found as the follow-
ing (Fig. 9).
  PDL 0 (v=0.49, E=0.05 MPa, current study setting)
: 16.85 mm (palatal slope miniscrews)/19.01 mm 
(midpalatal miniscrew)
  PDL 1 (v=0.35, E=0.87 MPa)
: 15.16 mm (palatal slope miniscrews)/16.94 mm 
(midpalatal miniscrew)
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Fig. 8. Contour plot of vertical displacement on the rigid continuous archwire. Total arch rotation was observed, depending on the 
relationship between the force vector and the presumed CR of entire maxillary dentition. (A) 0 mm lever arm, midpalatal miniscrew, 
(B) 20 mm lever arm, midpalatal miniscrew, (C) 0 mm lever arm, palatal slope miniscrews, (D) 20 mm lever arm, palatal slope 
miniscrews.
Fig. 9. Axis change of 4 maxillary anterior teeth. PDL 0: v=0.49, E=0.05 MPa, PDL 1: v=0.35, E= 0.87 MPa, PDL 2: v=0.4, E=0.71 
MPa, PDL 3: v=0.45, E=0.47 MPa, (A) Traction with palatal slope miniscrews, (B) Traction with a midpalatal miniscrew.
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  PDL 2 (v=0.4, E=0.71 MPa)
: 14.75 mm (palatal slope miniscrews)/16.51 mm 
(midpalatal miniscrew)
  PDL 3 (v=0.45, E=0.47 MPa)
: 14.18 mm (palatal slope miniscrews)/15.92 mm 
(midpalatal miniscrew)
  Differences in the mechanical properties of PDL af-
fected not only the pattern of displacement, but also 
the amount of displacement at each condition. 
DISCUSSION
  The purpose of this study was to investigate the ef-
fects of various mechanics properties of lingual lever 
arm on the displacement pattern of maxillary anterior 
segment. The three-dimensional finite element model 
was expected to simulate the displacement that re-
sembles clinical outcomes, visualizing the minute elas-
tic deformation of the archwire. 
  In the first set of experiments, bodily movement of 
the 4 maxillary anterior teeth was observed in splint 
lever arm model at 16.85 mm (traction with palatal 
slope miniscrews) and 19.01 mm (traction with a mid-
palatal miniscrew) lever arms, respectively. In the non-
splint model, mild lingual tipping of the incisors was 
observed even when the length of the lingual lever arm 
was increased to 20 mm. Similar patterns of tipping 
Fig. 10. Contour plot of frontal displacement on the continuous main archwire. Traction with palatal slope miniscrews. (A) 20 mm 
non-splint lever arm. (B) 15 mm splint lever arm.
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Fig. 11. Contour plot of lateral displacement on the continuous main archwire. Traction with palatal slope miniscrews. (A) 20 mm 
non-splint lever arm. (B) 20 mm splint lever arm.
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of central incisor was observed in 15 mm splint lever 
arm model and in 20 mm non-splint lever arm model 
(Fig. 10). Also in case of 20 mm splint lever arm, the 
root movement of six anterior teeth was observed. The 
buccal displacement of canine and elastic deformation 
of main archwire was reduced by 67% than of that in 
the non-splint model (Fig. 11). In summary, reinforce-
ment of lever arm with splint wire increases resistance 
to deformation of the main archwire and is essential 
for predictable tooth movement (Fig. 12).
  When the longer lever arm was applied, the down-
ward displacement of anterior crown was decreased 
and the upward displacement was observed in splint 
lever arm that was longer than 15 mm (Fig. 5). In spite 
of the presumably greatest intrusive force at 0 mm le-
ver arm and midpalatal miniscrew condition, anterior 
teeth were not intruded, possibly due to the vertical 
bowing of main archwire20 and the rotation of seg-
ment.
  When the main archwire was assumed to be rigid 
body, arch rotation of the entire segment was ob-
served. Furthermore in 0 mm lever arm condition with 
midpalatal miniscrew and rigid continuous main arch-
wire, whole maxillary dentition was displaced superi-
orly (Fig. 8A). This implicated that the resultant might 
be the function of the vector and the entire segment 
which is held by a rigid structure. In other words, un-
like the two-dimensional simulation, the wire stiffness 
can be a major factor which determines the resultant 
and the rigid continuous wire may jeopardize the in-
terpretation of the role of the lever arm. For more pre-
dictable movement of anterior teeth, segmented wire 
with rigid lever arm is better indicated. For instance, 
rigid segmented arch with about 20 mm lever arm is 
recommended for root movement of anterior segment 
(Fig. 7). Otherwise superior displacement of crown 
was increased in spite of decreasing of intrusive vector 
by lengthening of the lever arm in rigid condition (Fig. 
7). It is because the force vector approximated the 
center of resistance of the anterior segment, reducing 
the rotational effect. 
  There was similar antero-posterior displacement pat-
tern between .016×.022 and .018×.022 wire (Fig. 6). 
It might be interpreted that .016×.022 stainless steel 
wire has sufficient strength for anterior retraction. 
Since the clearance between wire and bracket was as-
sumed to be zero, with free sliding, the wire-bracket 
play can be another factor to consider, in clinical situ-
ation.
  3D FEM has limitation that is valid interpreting only 
the initial displacement pattern and does not provide 
cumulated results.16,21,22 Moreove, the PDL has non-
linear elasticity and/or viscoelastic property, but most 
of previous studies applied linear elasticity to the 
model. It is because of relatively low force application 
in orthodontic movment which caused minor overall 
differences.23-25 In our study, four different pairs of me-
chanical property lead to similar displacement pattern 
with some variation in the condition for translation 
of the anterior segment. These results indicated that 
initial displacement can be a sensitive function of the 
mechanical property of PDL. Thus, even with meticu-
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Fig. 12. von Mises stress distribution. Traction with palatal slope miniscrews on the continuous main archwire. (A) 10 mm non-
splint lever arm. (B) 10 mm splint lever arm.
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lous calibration of the appliance, the outcome may be 
influenced by individual difference of PDL mechanical 
strength such as aging change.26-29 Further studies are 
needed for the identification of the reliable simulation 
of the PDL property, currently showing large range 
from 0.01 to 1,750 MPa.21
CONCLUSION
  The purpose of this study was to find the optimal de-
sign of the lingual lever arm for translation of the ante-
rior segment. The difference of initial tooth movement 
were compared based on the presence of the splint 
wire, by changing the stiffness of the main archwire 
and the property of periodontal ligament. The results 
were as following;
  1. Compared to the non-splint lever arm, splinted 
lever arm decreased the lingual tipping of incisors and 
buccal displacement of canine, inducing translation of 
4 anterior teeth at lever arm length 16.85 mm (palatal 
slope miniscrews) and 19.01 mm (midpalatal minis-
crew). In the non-splint model, mild lingual tipping of 
the incisors was observed even when the length of the 
lingual lever arm was 20 mm.
  2. In the splint model, the amount of buccal displace-
ment of the canine and the molars decreased com-
pared to that in the non-splint model by reducing the 
elastic deformation of the main archwire.
  3. There was no significant difference in antero-
posterior displacement of 4 maxillary anterior teeth 
between .016×.022 and .018×.025 stainless steel 
main archwire. Buccal displacement of the canines 
and molars decreased to 66-75% in .018×.025. When 
the main archwire was assumed to be rigid body, arch 
rotation of the entire segment was observed depend-
ing on the relationship between the force vector and 
the center of resistance of the segment.
  4. The mechanical properties of PDL affected not 
only the pattern of displacement, but also the amount 
of displacement at each condition. 
  The results indicate that rigidity of the wire is an es-
sential factor for predictable tooth movement using 
the lingual lever arm. For root movement, stiff seg-
mented main archwire and splinted lever arm with 
20mm in length is recommended. Besides, property 
of periodontal ligament may affect the resultant tooth 
movement. 
REFERENCES
1. Jang HJ, Roh WJ, Joo BH, Park KH, Kim SJ, Park YG. Locating 
the center of resistance of maxillary anterior teeth retracted 
by Double J Retractor with palatal miniscrews. Angle Orthod 
2010;80:1023-8.
2. Park YC, Choy K, Lee JS, Kim TK. Lever-arm mechanics in 
lingual orthodontics. J Clin Orthod 2000;34:601-5.
3. Hong RK, Sohn HW. Update on the Fujita lingual bracket. J 
Clin Orthod 1999;33:136-42.
4. Mo SS, Kim SH, Sung SJ, et al. Factors controlling anterior 
torque with C-implants depend on en-masse retraction 
without posterior appliances: biocreative therapy type II 
technique. Am J Orthod Dentofacial Orthop 2011;139:e183-
91.
5. Creekmore T. Lingual orthodontics--its renaissance. Am J 
Orthod Dentofacial Orthop 1989;96:120-37.
6. Liang W, Rong Q, Lin J, Xu B. Torque control of the maxillary 
incisors in lingual and labial orthodontics: a 3-dimensional 
finite element analysis. Am J Orthod Dentofacial Orthop 
2009;135:316-22.
7. Hong RK, Heo JM, Ha YK. Lever-arm and mini-implant 
system for anterior torque control during retraction in 
lingual orthodontic treatment. Angle Orthod 2005;75:129-
41.
8. Kim JS, Kim SH, Kook YA, Chung KR, Nelson G. Analysis of 
lingual en masse retraction combining a C-lingual retractor 
and a palatal plate. Angle Orthod 2011;81:662-9.
9. Park YC, Lee KJ. Ch.6 Biomechanical principles in 
miniscrew-driven orthodontics. In: Nanda R, Uribe FA, 
editors. Temporary anchorage devices in orthodontics: 
Mosby Elsevier; 2009.
10. Lee EH, Yu HS, Lee KJ, Park YC. Three dimensional finite 
element analysis of continuous and segmented arches 
with use of orthodontic miniscrews. Korean J Orthod 
2011;41:237-54.
11. Kim KH, Lee KJ, Cha JY, Park YC. Finite element analysis 
of effectiveness of lever arm in lingual sliding mechanics. 
Korean J Lingual Orthod  Vol. 3, No. 1, December 2014
12
Korean Journal of Orthodontics 2011;41:324-36.
12. Jeong GM, Sung SJ, Lee KJ, Chun YS, Mo SS. Finite-element 
investigation of the center of resistance of the maxillary 
dentition. Korean J Orthod 2009;39:83-94.
13. Coolidge ED. The thickness of the human periodontal 
membrane. J Am Dent Assoc 1937;24:260.
14. Kronfeld R. Histologic study of the influence of function on 
the human periodontal membrane. 1931.
15. Tanne K, Sakuda M, Burstone CJ. Three-dimensional 
finite element analysis for stress in the periodontal tissue 
by orthodontic forces. Am J Orthod Dentofacial Orthop 
1987;92:499-505.
16. Sung SJ, Baik HS, Moon YS, Yu HS, Cho YS. A comparative 
evaluation of dif ferent compensating curves in the 
lingual and labial techniques using 3D FEM. Am J Orthod 
Dentofacial Orthop 2003;123:441-50.
17. McLaughlin RP, Bennett JC. Anchorage control during 
leveling and aligning with a preadjusted appliance system. J 
Clin Orthod 1991;25:687-96.
18. Xia Z, Jiang F, Chen J. Estimation of periodontal ligament’
s equivalent mechanical parameters for finite element 
modeling. Am J Orthod Dentofacial Orthop 2013;143:486-
91.
19. Tanne K, Koenig HA, Burstone CJ. Moment to force ratios 
and the center of rotation. Am J Orthod Dentofacial Orthop 
1988;94:426-31.
20. Seong EH, Lee KJ. A three-dimensional finite element 
analysis on the distalization pattern of maxillary dentition: 
Graduate school, Yonsei university; 2008.
21. Fill TS, Carey JP, Toogood RW, Major PW. Experimentally 
determined mechanical properties of, and models for, the 
periodontal ligament: critical review of current literature. J 
Dent Biomech 2011;2011:312980.
22. Reimann S, Keilig L, Jager A, Bourauel C. Biomechanical 
finite-element investigation of the position of the centre of 
resistance of the upper incisors. Eur J Orthod 2007;29:219-
24.
23. Field C, Ichim I, Swain MV, et al. Mechanical responses to 
orthodontic loading: a 3-dimensional finite element multi-
tooth model. Am J Orthod Dentofacial Orthop 2009;135: 
174-81.
24. Hohmann A, Kober C, Young P, et al. Influence of different 
modeling strategies for the periodontal ligament on finite 
element simulation results. Am J Orthod Dentofacial Orthop 
2011;139:775-83.
25. Kojima Y, Fukui H. Numerical simulations of canine 
retraction with T-loop springs based on the updated 
moment-to-force ratio. Eur J Orthod 2012;34:10-8.
26. Haut RC, Lancaster RL, DeCamp CE. Mechanical properties 
of the canine patellar tendon: some correlations with age 
and the content of collagen. J Biomech 1992;25:163-73.
27. Komatsu K, Shibata T, Shimada A, Viidik A, Chiba M. Age-
related and regional differences in the stress-strain and 
stress-relaxation behaviours of the rat incisor periodontal 
ligament. Journal of Biomechanics 2004;37:1097-106.
28. Lam TC, Frank CB, Shrive NG. Changes in the cyclic and 
static relaxations of the rabbit medial collateral ligament 
complex during maturation. J Biomech 1993;26:9-17.
29. Nanci A. Ten Cate’s oral histology: development, structure, 
and function. Mosby; 2007.
